Study Design. Basic science study measuring anatomical features of the cervical and lumbar spine in rat with normalized comparison with the human. Objective. The goal of this study is to comprehensively compare the rat and human cervical and lumbar spines to investigate whether the rat is an appropriate model for spine biomechanics investigations. Summary of Background Data. Animal models have been used for a long time to investigate the effects of trauma, degenerative changes, and mechanical loading on the structure and function of the spine. Comparative studies have reported some mechanical properties and/or anatomical dimensions of the spine to be similar between various species. However, those studies are largely limited to the lumbar spine, and a comprehensive comparison of the rat and human spines is lacking. Methods. Spines were harvested from male Holtzman rats (n = 5) and were scanned using micro-computed tomography and digitally rendered in 3 dimensions to quantify the spinal bony anatomy, including the lateral width and anteroposterior depth of the vertebra, vertebral body, and spinal canal, as well as the vertebral body and intervertebral disc heights. Normalized measurements of the vertebra, vertebral body, and spinal canal of the rat were computed and compared with corresponding measurements from the literature for the human in the cervical and lumbar spinal regions. Results. The vertebral dimensions of the rat spine vary more between spinal levels than in humans. Rat vertebrae are more slender The manuscript submitted does not contain information about medical device(s)/drug(s).
A nimal models simulating spinal trauma and degenerative changes are used to defi ne pathophysiological mechanisms and develop therapies for their treatment and/or prevention. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Few studies use bipeds, [14] [15] [16] whereas rat models are used commonly to study the mechanical and/ or physiological responses of spinal tissues to loading. [17] [18] [19] [20] [21] [22] [23] [24] Despite their popularity owing to their enabling highthroughput assessment and affordability, there are also differences that may limit the use of the rat model.
The spine in quadrupeds is loaded along its long axis during both standing and walking, 25 , 26 which is similar to the axial loading of the human spine by gravity. However, both the spine's range of motion and stiffness differ between humans and quadrupeds depending on the spinal level and the direction of motion/loading. 25 , 27 Disc height, cross-sectional area, and polar moment of inertia each have been used as normalizing parameters to study the anatomical and mechanical properties of isolated spinal components. 19 , 21 Although such normalization may be useful for comparing responses of the motion segment or disc in the axial plane, the 3-dimensional (3D) anatomy must be considered for scenarios involving the entire spine, or a spinal region, to mechanical loading in different planes and directions.
Indeed, the anatomy and geometry of the rat and human spines have been compared. 20 , 28 The normalized spinal canal is more elliptical in the neck of Sprague-Dawley rats than in humans, especially at the lowest cervical levels.
to differences in the cervicothoracic lordosis or morphology of the spinal cord between rats and humans. 28 Lumbar discs have a similar geometry in both species when accounting for the axial dimensions of the disc, either by its cross-sectional area or height. 20 Although mammalian cadaveric vertebrae have been measured using calipers, 19 , 29 radiography, magnetic resonance imaging, and microcomputed tomography (CT), imaging techniques enable more accurate quantitative assessments. 28 , 30-32 Despite many studies establishing valuable comparisons of the anatomical and geometric features of the spine, as well as limited mechanical characteristics, for a wide range of species, work has focused only on the intervertebral disc and/ or spinal canal dimensions.
The main objective of this study was to compare the anatomy of the rat and human cervical and lumbar spines to investigate potential anatomical rationale for using the rat as a proxy for the human spine in biomechanical investigations. Currently, there are limited anatomical investigations comparing the rat cervical spine with that of the biped human spine, despite an increasing number of biomechanical rat models focusing on the cervical spine. 18 , 33-43 In addition, axial spinal loading affects the disc, the facet joints, and the neural arches, as well as the vertebral bodies, and the geometry of all of these structures must be quantitatively evaluated to fully capture the spinal anatomy. The goals of this study were to measure several relevant dimensions of vertebral structures and to compute anatomical ratios for the rat cervical and lumbar spines to compare with values for the human spine in the literature. Whole rat spines were harvested and imaged using micro-CT for precise digital measurements of the vertebrae and intervertebral discs at the subaxial cervical and the lumbar levels and were compared against the corresponding human spinal dimensions.
MATERIALS AND METHODS
Five 12-week-old male Holtzman rats (Harlan SpragueDawley; Indianapolis, IN; 328 ± 19 g) were housed under US Department of Agriculture-and Association for Assessment and Accreditation of Laboratory Animal Care-compliant conditions with a 12-to 12-hour light-dark cycle and free access to food and water. All experimental procedures were approved by the Institutional Animal Care and Use Committee and carried out according to the guidelines of the Committee for Research and Ethical Issues of the International Association for the Study of Pain. 44 The rat spine was harvested after transcardial perfusion with 200 mL phosphate-buffered saline, and fi xed with 300 mL 4% paraformaldehyde. The spine was harvested en bloc from the C3 vertebra to the L5 vertebra, cleared of the paraspinal muscles, postfi xed in 4% paraformaldehyde. The C1, C2, and L6 vertebrae were not harvested because of their unique anatomy in each species and a lack of correspondence with the human spine anatomy (namely L6). Metal beads (1 mm diameter) were glued to the spinous processes at C7, T1, L1, and L5 in order to label the cervical, thoracic, and lumbar regions. High-resolution images were acquired using micro-CT (vivaCT 40; Scanco Medical; Wayne, PA) in multislice mode; DICOM images were acquired at a slice thickness of 38 μ m and a 1024 × 1024 axial fi eld of view, with 32-bit-gray levels spanning each spinal region. Using the image analysis software, ITK-SNAP, individual vertebrae were identifi ed and delineated with a semiautomatic segmentation process on the basis of the level-set method. 45 Adjacent slices with vertebral bone delineation were stacked together to generate a 3D rendering of each cervical and lumbar vertebrae and the entire spine ( Figure 1 quantitatively measure various features of the bony anatomy. Anatomical landmarks were identifi ed on the axial and sagittal views of each rendered vertebra ( Figure 1 ). Linear measurements were made using those points and with similar techniques as described previously for human and animal studies 28 , 29 , 46 ( Table 1 ) . Using the superior axial view, the anteroposterior and lateral dimensions of each vertebra (depth Vd; width Vw), vertebral body (depth VBd; width VBw), and spinal canal (depth SCd; width SCw) were measured ( Figure 1 ; Table 1 ). The vertebral body height (VBh) and intervertebral disc height (IVDh) were measured on the anterior face of the vertebral bodies ( Figure 1 ; Table 1 ). In addition, the vertebral body width and depth, as well as the spinal canal width and depth, were normalized by the vertebral depth and the vertebral width at each spinal level. The vertebral body height measurements were also normalized by the corresponding vertebral body depth. These anatomical ratios account for anatomical differences due to any variability in rat size and also enable comparison with the human spine anatomy.
All measurements were made 3 times by a single operator (A.J.G.) for each spinal level for each rat. Averages were computed for each dimension for each spinal level and for each rat and then averaged across all rats to calculate overall average measurements at each spinal level. Thirteen anatomical ratios describing the features of the vertebrae at each level were computed for the rats. Four ratios-vertebral width-todepth (Vw/Vd), vertebral body width-to-depth (VBw/VBd), spinal canal width-to-depth (SCw/SCd), and vertebral body height-to-depth (VBh/VBd)-were used to characterize the ellipticity and slenderness of the rat spine. Those same anatomical dimensions of the human cervical and lumbar spines were calculated from the corresponding dimensions reported in the literature. [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] Ratios were compared between species
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RESULTS
Overall, the normalized anatomy of the cervical spine is similar across levels and between species, but there is less interlevel variation in the human than in the rat. Of the 13 computed ratios, only those describing the vertebral body (VBw/ VBd and VBh/VBd) and Vw/Vd are signifi cantly greater in rats than in humans. The cervical vertebral width-to-depth ratio (Vw/Vd) of the rat increases caudally from 1.50 ± 0.06 at C3 to 2.05 ± 0.07 at C7, which is signifi cantly greater ( P ≤ 0.0001) than the corresponding range of values in the human (1.29 at C4; 1.14 at C7) ( Figure 2A ; Table 2 ). Vw/Vd values being greater than 1 indicate that the cervical vertebrae axial shape is elliptical in both species. However, the rat cervical vertebrae are 1.5 to 2 times wider than they are deep, whereas the cervical vertebrae in humans are about as wide as they are deep in the dorsal-ventral direction. This trend is similar in that rat cervical vertebral bodies are more elongated laterally (VBw/VBd) and more slender (VBh/VBd) than in humans ( Figure 2B, C ; Table 2 ). The rat cervical VBw/VBd ratio is signifi cantly greater ( P < 0.03) than the corresponding human ratio (1.09 ± 0.12 at C3 to 1.35 ± 0.12 at C7). But in both species, this ratio is similar across cervical levels ( Figure 2B ; Table 2 ). The same trend is evident across levels for the slenderness ratio (VBh/VBd), which is 60% to 74% greater ( P ≤ 0.0001) in rats than in humans ( Figure 2C ; Table 2 ). However, the ellipticity of the spinal canal (SCw/SCd) is similar between the 2 species ( Figure 2D ; Table 2 ). The same similarities between levels and across species exist in the lumbar spine for anatomic ratios. All but 1 of the lumbar ratios are similar between species. The widthto-depth ratios of the lumbar vertebrae (Vw/Vd), vertebral bodies (VBw/VBd), and spinal canal (SCw/SCd) are similar overall in both species except at several isolated levels ( Figure 3 ; Table 3 ). The vertebral ellipticity (Vw/Vd) is significantly greater ( P = 0.015) in rats than in humans at L1, but it is close to 1 in both species at all other levels ( Figure 3A ; Table 3 ), indicating that the L2-L5 vertebrae are almost as wide as they are deep in both species. The ellipticity of the vertebral body (VBw/VBd) is similar in both species ( P = 0.4941), ranging from 1.30 ± 0.08 to 1.56 ± 0.14 in rats and 1.35 ± 0.13 to 1.46 ± 0.05 in humans ( Figure 3B , Table 3 ). In addition, the ellipticity of the spinal canal (SCw/SCd) is also similar between the 2 species at all levels ( Figure 3D ; Table 3 ). In contrast, the slenderness of the vertebral body (VBh/VBd) is signifi cantly greater ( P ≤ 0.0001) in rats (2.56 ± 0.35 at C3; 2.12 ± 0.23 at C7) than in humans (0.77 ± 0.06 at C3; 0.69 ± 0.04 at C7) ( Figure 3C ; Table 3 ). The vertebral dimensions of the rat spine vary more between vertebral levels than they do in the human spine. In the cervical spine, the vertebral width (Vw) increases by 23 ± 4% from C3 to C7 ( Table 2 ) but not signifi cantly. The vertebral depth (Vd) is the same at all levels from C4 to C7 but is signifi cantly greater ( P ≤ 0.043) at C3 than at C5, C6, and C7 ( Figure 2 ; Table 2 ). Accordingly, the cervical Vw/Vd ratio is signifi cantly greater ( P ≤ 0.01) at C6 and C7 than at C3-C5 ( Figure 2A ; Table 2 ). Although the SCw/SCd ratio increases with caudal location in the rat, the C6 and C7 values are only signifi cantly greater ( P ≤ 0.0471) than the ratio at C3 ( Figure 2D , Table 2 ).
In the rat lumbar spine, both the spinal canal width (SCw) and the depth (SCd) generally decrease moving caudally but that is not signifi cant ( Table 3 ). The lumbar vertebral depth (Vd) increases caudally and is signifi cantly greater ( P ≤ 0.043) at L5 than at L1-L3 ( Table 3 ) . Correspondingly, several lumbar ratios decrease moving caudally, except SCw/SCd, which increases ( Figure 3 ; Table 3 ). Although Vw/ Vd is consistent across lumbar level ( Figure 3A ; Table 3 ), the vertebral body (VBh/VBd) is signifi cantly ( P ≤ 0.018) more slender at L5 than at levels L1 through L3, which are similar to each other ( Figure 3C ; Table 3 ). The ellipticity of the vertebral body (VBw/VBd) is also signifi cantly ( P < 0.015) smaller at L4 and L5 than at L1 ( Figure 3B ; Table  3 ). In contrast, the spinal canal (SCw/SCd) is signifi cantly more wide than it is deep at L4 and L5 than at L1 and L2 ( Figure 3D ; Table 3 ). Unlike the rat, these same ratios in the human remain mostly uniform across levels in the lumbar spine, except for the vertebral width-to-depth ratio (Vw/Vd), which is signifi cantly ( P ≤ 0.017) greater at L5 than at L1 and L2 ( Figure 3A ).
DISCUSSION
Overall, the majority of the normalized dimensions in the cervical spine are generally similar between the rat and the human. Of the 13 anatomical ratios, only 3 in the cervical spine and 1 in the lumbar spine are larger in the rat than in the human ( Figures 2A-C and 3C ; Tables 2 and 3 ). Anatomical comparisons indicate that despite having more slender and elliptical vertebral bodies, the cervical and lumbar vertebrae of Holtzman rats generally have very similar shapes to the human ones. From a mechanical perspective, more slender vertebrae facilitate more fl exibility in the spine, which is consistent with the sagittal and lateral mobility of the horizontally oriented head on the thorax in quadrupeds. The species differences in the cervical width-to-depth ratios (Vw/Vd, VBw/ VBd) ( Figure 2 ; Table 2 ) are likely also related to differences in the musculature and movement requirements for the head and neck motion between humans and rats. 63 Differences in neck slenderness have been previously reported for studies investigating sex-based anatomical differences in the spine. Females have a thinner neck 64 and exhibit greater cervical range of motion in all directions. 65 Females also have a greater dynamic cervical segmental range of motion and a weaker and more slender neck than males, which may explain their being more prone to neck injuries than males. 64 Although males have taller C1-C5 vertebrae and a heavier head, which could lead to more susceptibility for neck injury, particularly in spinal bending, their vertebrae and vertebral bodies are also wider and deeper, and their muscles are stronger, providing greater protection against injurious cervical bending than for females. 64 The rat's cervical spine exhibits a similar anatomically based ability to resist injurious loading from bending. In quadrupeds, the cervical spine supports the head, acting as a cantilever beam that is hinged at the cervicothoracic junction. Because the aspect ratios of both the cervical vertebrae and the isolated vertebral bodies are larger in the rat, they likely provide greater cross-sectional area to mitigate bending stresses. This notion is further supported by the fact that the width of both the cervical vertebrae and the vertebral bodies is larger in the lower levels in the rat, with the greatest Vw/Vd and VBw/VBd at C7 ( Table 2 ) where the bending moment is the greatest. However, these differences in the slenderness and ellipticity of the cervical spine between species have little effect for loading scenarios that do not involve bending and are limited to those directed axially or transverse to that direction. Among all of the measurements, only the spinal canal width-to-depth ratio is similar at all levels in both spinal regions for both species ( Figures 2D and 3D ). Despite the rat having a more slender spine than the human ( Figure 4 ) , the similarity in the aspect ratio of the spinal canal between species suggests that canal dimensions can be scaled for biomechanical studies in the rodent. The dimensions of the vertebral body (VBw, VBd) and spinal canal (SCw, SCd) normalized by the overall vertebral width and depth are similar across levels in the rat as in the human ( Tables 2 and 3 ) . Finally, the average disc height (IVDh/VBh) in the cervical spine is equivalent in the rat (0.27 ± 0.07) and the human (0.36 ± 0.06). Collectively, these measurements further suggest and support that the cervical spine of the rat can serve as an appropriate surrogate for the human spine under axial load.
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The spinal canal and vertebral body dimensions and disc height measured here are comparable with those reported for rodents of various strains and ages, obtained by direct measurements with a caliper and from 2D digital images. 19 , 20 , 28 , 31 However, those studies focused only on the spinal canal, the vertebral body, and/or the intervertebral disc in either the cervical or lumbar region. In our study, micro-CT and 3D rendering provide accurate quantifi cation of vertebral dimensions in both spinal regions of the rat. Although our measurements vary slightly from those previously reported, that is likely due to differences in the measurement techniques and the animal size and strain. The similarity in spinal anatomy between rats aged 3 to 12 months supports the use of young Holtzman rats for comparison with humans.
Overall, anatomical differences and similarities between the rat spine and the human spine must be considered when interpreting fi ndings in response to mechanical loading in animal models. 19 Because spine biomechanics are directly related to the global and local spinal anatomy, animals with normalized spinal dimensions similar to the human can serve as a mechanical analogue model. 20 , 28-30 The 3D anatomical dimensions of both the vertebrae and intervertebral discs in young male Holtzman rats were found to be very similar to the human in both the cervical and lumbar regions. Particularly, the similarities in the size in the axial plane between species in both spinal regions suggest that the mechanical responses of the spine to axial and shear loading can be considered equivalent across species. However, because the rat has a more slender spine than the human, it is likely not an appropriate model for biomechanical studies involving sagittal or lateral bending. This study evaluates only the geometry of spinal features and does not incorporate evaluation of factors such as bone density, age, or degenerative changes, all of which have been shown to vary in other animal models and to contribute to spinal responses-biomechanical or otherwise. 31 , 33 , 66 , 67 Moreover, variation in facet orientation and differences placed on the lumbar spine due to quadruped and biped differences also contribute to the spine's structure and function, although facet orientation was not addressed here. Nonetheless, as the complexity of studies in the rat continues to increase (as in many studies already published), 9 ,11,18,21,24,31 , 66-69 the detailed anatomic descriptions like those provided here will provide important utility for calculating metrics of moments of inertia, stress calculations, and other relevant responses of the beams, like the spine.
➢ Key Points
The anatomical dimensions of the cervical and lumbar spines vary more between vertebral levels in the rat than in the human. Because rats have a more slender spine than humans, the rat is not an appropriate model for biomechanical studies involving sagittal or lateral bending. Similar normalized spinal morphology in the axial plane between the 2 species makes the rat spine an appropriate surrogate for modeling axial and shear loading of the human spine.
